The present study investigated the possible involvement of a Na+-H+ antiporter in the regulation of L-type Ca't channels by angiotensin II (Ang II) in isolated rabbit ventricular cardiac myocytes by using both cell-attached and whole-cell patch-clamp current recording techniques. In cellattached patch-clamp current recordings, an increase in the open-state probability of the Ca't channel (144.8±9.8%
A ngiotensin II (Ang II), a peptide hormone, has been shown to provide positive inotropic and chronotropic effects on myocardial tissue of many mammalian species, including rabbit papillary muscle.1-3 In addition, Ang II stimulates cell growth in cultured embryonic chick cardiac myocytes. 4 In previous reports, it has been speculated that these effects are, in part, due to an increase of the voltage-dependent Ca2' currents, because these physiological effects have been attenuated either by decreasing external Ca2' concentration or by the application of voltage-dependent Ca't channel blockers.'12 Direct evidence of the involvement of the Ca'2 current in the physiological effects of this peptide has been shown in cultured neonatal rat heart myocytes and human atrial cardiac cells by using wholecell patch-clamp current recordings.3 '5 In guinea pig cardiac tissue and cultured neonatal rat heart myocytes, Ang II stimulates the hydrolysis of phosphoinositides.36 It has been speculated that protein kinase C, which is activated by a metabolite of the phosphoinositide pathway, may mediate the action of Ang II.7 However, direct evidence of the involvement of protein kinase C in the Ang lI-induced increase in the Ca2' current has not been elucidated. Recent findings in cultured rat vascular smooth muscle cells and rat renal tubular cells indicate that Ang II stimulates the Na+-H+ antiporter, resulting in an intracellular alkalization.8-10 Moreover, it was reported that in rabbit ven-tricular cells, Ang II induced an intracellular alkalization.1" We have previously shown that the cardiac L-type Ca2' channel was activated by an intracellular alkalosis.12 Therefore, in the present study, we designed experiments to test for possible involvement of the Na+-H+ antiporter in the activation of cardiac L-type Ca'2 channel currents by Ang II receptor stimulation.
Materials and Methods
The Tyrode's solution (solution A) contained (mmol/L) NaCl 144, NaH2PO4 0.33, KCl 5.4, CaCl2 1.8, MgCl2 0.5, glucose 5.5, and HEPES-NaOH buffer 5 (pH 7.4). The nominally Ca21-free Tyrode's solution (solution B) was prepared by omitting CaCl2 from the Tyrode's solution. N-Methyl-D-glucamine was substituted for Nat in the Tyrode's solution for preparing Nat-free solution. The pipette solution for cellattached patch-clamp current recording contained (mmol/L) BaCl2 50, choline chloride 70, and HEPES 10, along with 3 gtmol/L Bay K 8644, and the pH was adjusted to 7.4 with Tris-base. The pipette solution for whole-cell patch-clamp current recording contained (mmol/L) cesium aspartate 110, CsCl 20, MgCl2 2, MgATP 3, EGTA 10, HEPES 5 or 30, NaGTP 0.5, and NaCl 5; the pH was adjusted to 7.1 or 7.5 with CsOH, and the pCa was adjusted to 7.8 by using the equation of Fabiato and Fabiato.13 To measure the resting membrane potential, K' was substituted for Cs+ in the pipette solution, and the pH was adjusted to 7.1. Bay K 8644 was obtained from Funakosi. Losartan and 5-(N,N-dimethyl)amiloride (DMA) were generously provided by the Du Pont Merck Pharmaceutical Co and by Merck & Co Inc, respectively. Other biochemical compounds were obtained from Sigma Chemical Co.
Single ventricular cells were isolated from the hearts of 1.2to 1.5-kg New Zealand White rabbits by using a modification of a method previously described.14 In brief, rabbits were heparinized and then anesthetized with pentobarbital sodium (50 mg/kg body wt). The dissected heart was mounted on a Langendorff apparatus. The heart was perfused at 37°C first with solution A for 3 minutes and then with solution B plus 0.5 ,umol/L CaCl2 for 8 to 9 minutes. Finally, the heart was perfused with solution B containing 0.13 mg/mL collagenase (Yakult) and 0.04 mg/mL protease type XIV (Sigma) for 7 to 8 minutes. Thereafter, single cells were stored in a storage solution. 12 The membrane currents and the membrane potential were recorded with an EPC-7 patch-clamp amplifier (List-Electronic). The glass microelectrodes were prepared with tip resistances ranging from 4 to 5 Mfl for cell-attached patch-clamp current recordings and 1 to 1.5 MQ for whole-cell patch-clamp current recordings; Tyrode's solution was used during measurements. In whole-cell patch-clamp current recordings, all K' currents were blocked with intracellular and extracellular Cs+ substituted for K'. Na+ current and T-type Ca21 current were inactivated by setting a holding potential at -40 mV. The method for analysis of single-channel currents has been previously described.'2 All experiments were performed at 35°C to 36°C. Statistical data were expressed as mean+SEM. Statistical significance was determined by ANOVA and then paired or unpaired Student's t test. Values of P<.05 were considered statistically significant.
Results
In cell-attached patch-clamp current recording, to elicit the L-type Ca2' channel currents the patch membrane was depolarized +80 mV from the resting membrane potential for 300 milliseconds at 2-second intervals in Tyrode's solution. The measured resting membrane potential in 12 cells was 81.9±0.5 mV. The depolarizing pulses elicited inward currents that had a unit amplitude of 1.38±0.02 pA (n=21) and a singlechannel conductance of 25.2±1.5 picosiemens (n=4).
The conductance values were similar to those reported previously.'215 Fig 1A shows consecutive tracings of the patch-clamp current before the application of Ang II. Simultaneous openings of 5 to 8 currents through the Ca2+ channels were observed. After the application of 100 nmol/L Ang II, simultaneous openings of 3 to 10 currents through the Ca21 channels were observed ( Fig 1B) . Neither the unitary current amplitude nor the pattern of channel opening changed significantly. However, the averaged patch-clamp current (I), which is represented as NPoi, where i is the unitary current through a single channel, N is the number of functional channels in a patch, and P0 is the probability of the channel opening, was increased. These are confirmed in the amplitude histogram ( Fig 1C) . The unitary currents before and after the application of Ang II were statistically indistinguishable; those values were 1.37±0.06 and 1.39±0.05 pA (n=5), respectively.
We examined the effects of the peptide on the channel activity (NP0). As shown in Fig 2A, the channel activity was stable during the first 6 minutes, although the channel activity varied from sweep to sweep. Approximately 1 minute after the application of Ang II, the channel activity increased progressively and reached steady-state level. Ang 11 (100 nmol/L) increased mean NP0 to 144.8±9.8% of the control value (Fig 3, n=11) .
Losartan, a specific nonpeptide Ang II receptor antagonist (AT, antagonist), blocks [1251]Ang II binding in rabbit ventricular membranes in a dose-dependent manner. 16 On the basis of this previous report, we examined the effects of losartan on the Ang Il-induced increase in Ca21 channel currents. After the application of 10 gtmol/L losartan outside the patch, the channel activity did not change significantly, indicating that losartan did not affect the channel currents directly. In the presence of losartan, application of Ang II failed to increase the channel activity ( Fig 2B) . The mean NP0 after the application of Ang II was 99.2+6.1% of the control value (Fig 3, n=5) .
To test the hypothesis that the Na+-H+ antiporter is involved in the effects of Ang II receptor stimulation on the Ca21 channel, we used three different methods to inhibit Na+-H+ antiporter activity. First, we omitted Na+ from the bath solution, since the Na+-H+ antiporter is driven by an inwardly directed Na+ gradient.17 Second, we applied amiloride analogue DMA, which potently blocks Na+-H+ antiporter activity. 18 The Ang IT-induced activation of the L-type Ca2' channel was not observed either when Na+ was removed from the bath solution or when DMA (100 ,mol/L) was applied to the bath solution (Fig 2C and 2D) . The mean NPO values after the application of Ang II in the absence of Na+ and in the presence of DMA were 87.9±11.0% (n=6) and 105.7±8.3% (n=5) of the control value, respectively (Fig 3) .
The unitary currents in Na+-free bath solution and in DMA-containing bath solution were 1.25 ±0.02 pA (n=6) and 1.36±0.02 pA (n=5), respectively. The unitary current in Na+-free bath solution was significantly smaller than that in the Tyrode's solution. It was reported that in guinea pig ventricular muscle, decreasing extracellular Na+ caused a slight depolarization of the membrane potential.19 Therefore, we investigated A The third method used to inhibit Na+-H+ antiporter with a pipette solution containing a relatively high concentration of HEPES should be much smaller than the effects of remwval of Na+ from the bath solution on the effect observed with a pipette solution containing the membrane potential. In experiments in six cells, the a relatively low concentration of HEPES. Therefore, membrane potential in the Tyrode's solution was we examined the effects of a pipette solution of pH 7.1 82.2±0.6 mV, and exposure to Na+-free solution caused containing 30 mmol/L HEPES on the Ang TI-induced a statistically significant depolarization of the mem-increase of the current. The increasing effect of Ang II brane potential by 5.3 ±0.4 mV. This depolarization may was negligible ( Fig 4C) , and the peak amplitude of the account for the decrease in the unitary currents during current obtained 3.5 minutes after the application of exposure to Na+-free external solution. However, the Ang II was 79.8±4.6% (n=5) of the control value. the number of functional channels in a patch and P0 is the probability of the channel opening) for control solution, losartan (10 s.mol/L), Na+-free solution, and 5-(N,N-dimethyl)amiloride (DMA, 100 ,umol/L). The mean NP0 of 60 consecutive sweeps from 2 to 4 minutes after the application of Ang II is normalized to the mean NPO of 60 consecutive sweeps before the application of the peptide in each patch. There are no significant differences between losartan, Na+-free solution, and DMA. *P<.001, **P<.003, and ***P<.03 by Student's unpaired t test.
Discussion
Our results show that the Ang TI-induced increase of the cardiac L-type Ca2`current is attenuated by the inhibition of the Na+-H+ antiporter by three independent methods: (1) the removal of extracellular Na+, (2) the decrease of intracellular H+, and (3) the use of an inhibitor of the Na+-H+ antiporter. Furthermore, the relatively high concentration of intracellular HEPES also attenuated the effects of the peptide on the Ca21 current. A possible explanation for the Ca21 channel activation by Ang II is that stimulation of Na+-H+ antiporter activity by the peptide induces intracellular alkalization, leading to an increase in the Ca21 current. This hypothesis is consistent with previous reports showing (1) that intracellular alkalization increased the cardiac Ca2`current12202' and (2) that Ang II induced intracellular alkalization in cultured rabbit ventricular cells11 and other tissues. [8] [9] [10] The effects of Ang II on the Ca 2+ channel were abolished by the AT, antagonist, indicating that the effects are probably mediated by a membrane receptor specific for this peptide. In rabbit ventricular myocardium, it has been reported that two distinct Ang II receptors (AT, and AT2) exist. 16 Although the detailed classification of Ang II receptor subtypes that are Anglotensin II 100 nM -0.8 pA min cc:
responsible for the effects of the peptide was not examined in the present study, the present results are consistent with a previous study reporting that the Ang lI-induced positive inotropic effect is inhibited by losartan but not by an AT2 receptor antagonist. 22 In the present study, Ang II increased the activity of the channel by 45% in cell-attached patch-clamp current recordings and increased the current by 60% to 70% in whole-cell patch-clamp current recordings: 139% (pipette pH of 7.1) versus 72% (pipette pH of 7.5) or 80% (pipette pH of 7.1 with 30 mmol/L HEPES) of the control value. These values are much larger than those expected from our previous results. 12 One possibility is that the discrepancy is due to the difference in the state of the channel or the milieu on the cytosolic side of the membrane, since our previous results were observed in the open-cell attached patch, where the Ca21 channel activity was "run down." Another possibility is that the effects of the peptide are caused not only by the change in pH, but also by other messenger systems, such as inositol phosphate production or cAMP-dependent protein kinase related to Ang II receptor stimulation in cardiac tissues,23 which might change the sensitivity of the channel to intracellular H+. Our results showed that the peptide can slow the time course of "run down" by using a whole-cell pipette solution of pH 7.5 and a whole-cell pipette solution of pH 7.1 with 30 mmol/L HEPES. These results might indicate that other messenger systems are involved in the effects of the peptide. However, it cannot be denied that the peptide leads to intracellular alkalization even in these conditions.
To clarify this open question, direct measurements of pHi will be required. The membrane potential was held at 3 .
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